All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Dall's porpoise (*Phocoenoides dalli* (True, 1885)) is a small toothed whale found in the North Pacific Ocean and adjacent Bering Sea, Okhotsk Sea and Sea of Japan \[[@pone.0202426.ref001]\]. Although the diet and distribution of this species are reasonably well known \[[@pone.0202426.ref002]--[@pone.0202426.ref003]\], there is limited information on sound production in this species. Toothed whales generally produce two types of clicks: narrow band high frequency (NBHF) clicks with a single peak around 130 kHz \[[@pone.0202426.ref004]\], and wide band (WB) clicks, usually with two moderate peaks around 45 kHz and 110 kHz \[[@pone.0202426.ref005]\]. Dall's and the closely related harbor (*Phocoena phocoena*) and finless (*Neophocaena phocaenoides*) porpoises use NBHF clicks \[[@pone.0202426.ref006]--[@pone.0202426.ref008]\].

Anatomical studies have contributed significantly to our understanding of click-emitting processes. Clicks are produced by trembling of the phonic lips, including two pairs of dorsal bursae \[[@pone.0202426.ref009]--[@pone.0202426.ref010]\]. Phonic lips and dorsal bursae are located on the rostral and caudal walls of the nasal passage; vibration of the dorsal bursae propagates to the melon, a fatty tissue containing connective tissue, which focuses the "sound beam" with the assistance of air sacs, facial muscles, bone and dense connective tissue (DCT) \[[@pone.0202426.ref009], [@pone.0202426.ref011]--[@pone.0202426.ref012]\]. At the melon's frontal face the click beam is emitted from a circular aperture, an emitting surface (ES herein, \[[@pone.0202426.ref013]\]), comprised of DCT \[[@pone.0202426.ref014]\].

The click-emitting processes of the harbor porpoise and bottlenose dolphin (*Tursiops truncatus*) are well known comparing to Dall's porpoise. One contributing factor will be that, to the best of our knowledge, Dall's porpoises have not been maintained continuously in captivity by any institute or aquarium. With the exception of a conventional study \[[@pone.0202426.ref015]\], wherein differences in sound-producing organs of harbor, Dall's and finless porpoises were described, anatomical information on the click-emitting processes of Dall's porpoises is also limited. In addition, more acoustic experiments and anatomical studies have been conducted on harbor porpoise \[[@pone.0202426.ref009], [@pone.0202426.ref011], [@pone.0202426.ref016]\] than Dall's porpoises. Previously we measured acoustic impedance in harbor porpoise head tissues, and compared this to seawater in a study that focused on one characteristic of sound propagation: that when acoustic impedance matched between two objects, sound propagated efficiently \[[@pone.0202426.ref013]\]. Here, in a similar study, we report the distribution of the acoustic impedance and anatomical structure in the head of Dall's porpoise.

Materials and methods {#sec002}
=====================

Specimens {#sec003}
---------

For dissection, computed tomography (CT) imaging, and measurement of physical properties, two adult male Dall's porpoise carcasses (SNH14026-1,219.5cm and SNH14026-2,207.7cm) were procured. Both animals were retrieved dead, having been accidentally caught in set nets at Rausu, Hokkaido, Japan on 25 June 2014. Heads were severed and stored at −20°C for examination: both specimens were examined by CT; SNH14026-2 was used for density measurement and Young's modulus scanning, and SNH14026-1 was subsequently fixed in 10% formalin for macroscopic dissection.

Measurement of physical properties {#sec004}
----------------------------------

For estimating Young's modulus and tissue density, CT images were obtained at 1 mm intervals using a multi-slice CT scanner (Asteion TM Super 4 Edition; Toshiba, Tokyo, Japan); for SNH14026-1 and SNH14026-2, helical pitches were 0.5mm and 1mm, and the number of CT images were 709 and 321, respectively. Tube voltage was 120 kV, and tube current 150mA. After scanning, CT values \[[@pone.0202426.ref017]\] were obtained from CT data. The standard format of CT data was DICOM (Digital Imaging and Communications in Medicine) and a specialized workstation (ZioTerm™ 2009; Ziosoft, Tokyo, Japan) were used for viewing DICOM files. A CT value was determined for each measured point on Young's modulus that matched the CT image and sliced head photographs. According to conventional study \[[@pone.0202426.ref018]\], approximation of density (*ρ*) from CT value (*U*) ([Eq 1](#pone.0202426.e001){ref-type="disp-formula"}) was proposed and inspected as below.
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Young's modulus, also called as longitudinal elastic modulus is a measure of linear resistance to linear compression and defined as the slope of the linear region of the stress-strain diagram. measurement was performed following our previous study \[[@pone.0202426.ref013]\]. Young's modulus and density were measured from 15 head slices of average thickness 10.97 mm (±0.86 mm SD). A creep meter (YAMADEN, RE2-33005C, RE-3305) with column-shaped plunger (φ 5mm), an equipment mainly used to measure the texture of food such as hardness and viscosity, was used to measure Young's modulus. Immediately prior to measurement, sliced frozen samples were heated at 25°C on a thermostatic stage.

Acoustic impedance (*Z*) was calculated from Young's modulus (*E*) and tissue density using (*ρ*) using: $$Z = \sqrt{\rho E}$$

Physical properties of Young's modulus were plotted at measured points on a three-dimensional reconstructed CT image. Physical properties of blubber could not be measured in all slices as the area occupied by it was sometimes too small.

Macroscopic dissection for visually confirming the structure of the head structure was conducted by using fixed head of No. SNH14026-1 with 10% formalin solution and unfixed sliced heads of No. SNH14026-2 used for Young's modulus measurement. Sizing of ES and VS was conducted on Ziocube, a work station for CT images. ES was defined as a region with a CT value of 0 or less in front of the head.

Results {#sec005}
=======

Head structure {#sec006}
--------------

A reconstructed three-dimensional CT image of a longitudinal-sectioned head, and series of two-dimensional CT images of SNH14026-1 are presented in Figs [1](#pone.0202426.g001){ref-type="fig"} and [2](#pone.0202426.g002){ref-type="fig"}, respectively. Both figures are based on DICOM files submitted as [S1 File](#pone.0202426.s001){ref-type="supplementary-material"} and [S2 File](#pone.0202426.s002){ref-type="supplementary-material"} (see online Supporting Information files). The ES, formed by the DCT and melon, was indicated oval shape and located directly under the skin. Vestibular sacs (VS) indicated in Figs [1](#pone.0202426.g001){ref-type="fig"} and [2](#pone.0202426.g002){ref-type="fig"} were hypertrophied, with several thick folded structures. The maximum rostral-caudal length, dorsal-ventral thickness and lateral width of both VS (mm) were 37.3, 17.1 and 46.0 in left VS and 62.5, 17.6 and 54.9 in the right VS.

![Three-dimensional CT image of longitudinal-sectioned Dall's porpoise head, SNH14026-1.\
BH (blowhole), DB (dorsal bursae), VS (vestibular sacs), DCT (dense connective tissue), ML (melon), ES (emitting surface); numbers i--viii correspond to [Fig 2](#pone.0202426.g002){ref-type="fig"} and indicate positions of transverse slices.](pone.0202426.g001){#pone.0202426.g001}

![Cross-sectional images of Dall's porpoise head, SNH-14026-1.\
ML (melon), DCT (dense connective tissue), VS (vestibular sacs), PC (porpoise capsule); numbers i--viii correspond to numbers in [Fig 1](#pone.0202426.g001){ref-type="fig"}.](pone.0202426.g002){#pone.0202426.g002}

Tissue physical properties {#sec007}
--------------------------

Average density, Young's modulus and acoustic impedance relative to distance from the rostrum for melon, dense connective tissue, blubber and air sacs, and distance from the tip of the upper lip to ES and dorsal bursae (DB, *x* = mm) are depicted in [Fig 3](#pone.0202426.g003){ref-type="fig"}. Data source of [Fig 3](#pone.0202426.g003){ref-type="fig"} was submitted as [S3 File](#pone.0202426.s003){ref-type="supplementary-material"} (see online Supporting Information files). Melon impedance was relatively stable at 5.0×10^6^ Pa s/m from *x* = 59.47mm to 153.67mm, and increased to 1.454×10^6^ Pa s/m at *x* = 31.79mm.

![Distribution of average density, Young's modulus, and acoustic impedance in Dall's porpoise.\
Horizontal dotted line (acoustic impedance) indicates seawater impedance, and the vertical broken line the frontal tip of the ES (emitting surface) and DB (dorsal bursae).](pone.0202426.g003){#pone.0202426.g003}

Discussion {#sec008}
==========

At the ES frontal tip (*x* = 31.79mm), the melon acoustic impedance was 1.454×10^6^ Pa s/m ([Fig 3](#pone.0202426.g003){ref-type="fig"}), closely matching that of seawater, 1.54×10^6^ Pa s/m \[[@pone.0202426.ref019]\]). This result supports the theory that the melon functions to match the acoustic impedance of seawater for the effective emission of clicks \[[@pone.0202426.ref013]--[@pone.0202426.ref014], [@pone.0202426.ref020]\]. The distribution of acoustic impedance was more similar to Young's modulus than it was to density. It should be caused by the extremely large difference between the density and Young's modulus (for example, in DCT, the rate of change of Young's modulus fluctuated from 400--8000N/m^2^, whereas that of density ranged 0.8--1.2 g/cm^3^). Conventional study \[[@pone.0202426.ref013]\] suggested that focusing distribution of Young\'s modulus is more important than that of density because when the acoustic impedance changes, the change rate of Young's modulus would occupy a larger percentage than that of the density. In this study, we supported this idea.

There was little difference in impedance in Dall's porpoise melon tissues between 60mm and 120mm from the upper lip tip. This is a personal opinion based on the macroscopic observation of the tissue, but the muscles in the lower part of the melon of Dall's porpoise was assumed to be richer in lipid than that of harbor porpoise \[[@pone.0202426.ref013]\]. Dall's porpoise nasal plug muscle tissue appeared to contain more lipid than that of the harbor porpoise, so might have a lower Young's modulus than other muscle, decreasing the Young's modulus of melon tissue in contact with this muscle. This anatomical feature was not observed in harbor porpoise \[[@pone.0202426.ref013]\]. This opinion is not based on quantitative measurement, but since the difference of lipid content can influence the difference in Young's modulus, it may be the cause of the low Young\'s modulus indicated by the muscle of dolphin.

In Dall\'s porpoise and harbor porpoise, the numerical values of Young's modulus were particularly different in DCT. However, in this study, it was not possible to clarify why this numerical difference occurred and why such a difference was seen in DCT.

It is difficult to relate these differences in acoustic impedance to clicks properties such as source pressure level and / or frequency characteristics. Dall's and Harbor Porpoise use narrowband and high frequency (NBHF) clicks in common and have similar click spectrograms \[[@pone.0202426.ref006]\]. However, it is difficult to discuss about similarities and differences in acoustic properties of NBHF clicks in this study because both Dall's and harbor porpoise are Phocoenidae, while NBHF clicks are reported in various taxa \[[@pone.0202426.ref021]\].

The anatomy of the Dall's porpoise (Figs [1](#pone.0202426.g001){ref-type="fig"} and [2](#pone.0202426.g002){ref-type="fig"}) head and vestibular sacs (VS, [Fig 1](#pone.0202426.g001){ref-type="fig"}) were similar to those described by conventional study \[[@pone.0202426.ref015]\] for harbor porpoise. Despite similarities in the head sizes of these two porpoises, considerable differences in their ES area (59.1cm^2^ and 35.5cm^2^, respectively) exist. Ours is, as far as we are aware, the first account of such differences in ES size for these species. Similarities in VS structure and differences in ES size might be related to characteristic properties of acoustic clicks \[[@pone.0202426.ref015], [@pone.0202426.ref022]\]. In the posterior region of the melon below the VS, some DCT covered dorsal melon surfaces (Figs [1](#pone.0202426.g001){ref-type="fig"} and [2](#pone.0202426.g002){ref-type="fig"}). We refer to this structure as a "porpoise capsule," previously described in harbor porpoise \[[@pone.0202426.ref011]\].

Dall's porpoise is a fast-swimming coastal-to-offshore species that forms groups of 10 individuals or less, whereas the harbor porpoise lives in coastal areas, and is solitary or typically forms groups of several individuals only. Despite these differences in ecological and social habits, their sound-producing organs are similar in having hypertrophic VS and an oval ES. As a conventional study \[[@pone.0202426.ref015]\] also reported head structures of Dall's and harbor porpoises to be similar, hypertrophic VS and an oval ES might be common characteristics in the Phocoenidae.

Our method and results compared the sound-emitting process of Dall's with harbor porpoises, and considerably improved our understanding of the physical properties of Dall's porpoise head tissues. We consider the structure of sound propagating organs, and the click-emitting process of Dall's porpoise to be similar to those of the harbor porpoise. This information improves our understanding of relationships between sound-propagating organs and the acoustic properties of clicks in these small-bodied toothed whales, and perhaps, as a generalization, throughout the family Phocoenidae.

Supporting information {#sec009}
======================

###### Three-dimentional CT data of the head of Dall's porpoise.

CT data of SNH14026-1. File format is DICOM (.dcm).

(DCM)

###### 

Click here for additional data file.

###### Eight CT image data of Dall's porpoise SNH14026-1.

Each CT image data i)---viii) indicates the surface of slice used for Young's modulus measurement. Additional information for setting of CT scanner was added in the text file, named "S2 Supporting information.txt".

(ZIP)

###### 

Click here for additional data file.

###### Data sheet for calculating the acoustic impedance.

All calculations and graphs were shown in sheet 1.

(XLSX)

###### 

Click here for additional data file.
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